Escherichia coli was grown in continuous culture at various rates in a defined medium with either the carbon or the nitrogen source as rate-limiting substrate. Average cell size and the cellular content of ribonucleic acid, protein, and free amino acids varied both with growth rate and with the identity of the limiting nutrient, being greatest at high growth rates, and greater for nitrogen-limited than for carbon-limited populations. Immunoelectrophoresis of cell extracts revealed antigenic components associated uniquely with growth rate, and others associated with the identity of the limiting nutrient on which cells had been grown. Cell composition thus appears to reflect the physiological adjustment of a microbial population to its total environment.
In investigations of the effect of growth rate on bacteria, rate changes often are achieved by altering the composition of the medium, with the tacit assumption that any resulting changes in cell composition are attributable to rate differences alone. But Holm (1957) , using continuous culture to demonstrate relationships between growth rate and glycogen synthesis, noted that the rate-limiting nutritional factor also has an influence on the chemical composition of cells. During the transition between logarithmic and stationary growth phases in batch cultures, metabolic events and cell composition again depend on the nature of the growth-limiting factor (Ecker and Lockhart, 1961c) . We have tried to discover to what extent the characteristic physiological state of a population of cells in balanced growth is a function only of growth rate, and to what extent it depends also on the specific identity of the rate-limiting factor in the nutritional environment.
MATERIALS AND METHODS
Organism and culture. Escherichia coli K-12 was grown in a defined medium containing: 0.7% K2HPO4-3H20, 0.3% KH2PO4 , and 0.01% MgSO4-7H20 in deionized water, to which were added 400 jug of (NH4)2S04 per ml. Two media were used, one 1 Based on a thesis submitted by the senior author to Iowa State University in partial fulfillment of requirements for the Ph.D. degree.
2 Present address: University of California, Naval Biological Laboratory, Naval Supply Center, Oakland, Calif.
with glucose in excess (4,000 jg/ml) so that the limiting substrate was nitrogen, and the other with glucose growth-limiting at 500 ,ug/ml. The appropriate limiting concentrations were determined from the data of Baarda and Lockhart (1962) . Media were sterilized by filtration through a 0.22-,I Millipore filter, and had a final pH of 7.0. Cultures were grown at 37 C in a balanced growth system in continuous culture. The culture vessels were 1-liter straight-walled Pyrex bottles containing 500 ml of medium. Fresh medium was continuously added to the culture vessel at measured rates through a capillary delivery tube, and the cultures were aerated through coarse, fritted-glass dispersion tubes. Oxygen was supplied at an absorption rate of not less than 40 mmoles of 02 per liter per hr, which will support a population of 1011 cells of E. coli K-12 per milliliter of medium (Ecker and Lockhart, 1961a) . The maximal population achieved in any experiment was never more than 5% of this value. The air-flow metering device, determination of oxygen absorption rates, inoculation procedures, and the culture system have been described elsewhere Lockhart, 1959, 1961b) .
Desired growth rates were obtained by controlling the rate of medium exchange and applying the relationship, R = W/V, where R is the specific growth rate in generations per hour, W is the rate of medium exchange (measured as the effluent, or "overflow" rate) in milliliters per hour, and V is the volume, in milliliters, of medium in the culture vessel. When balanced growth conditions were established, the optical density of the cultures at 525 mu remained within :i1 optical-density unit for more than 50 hr. After the cells had been in balanced growth for 24 hr, culture samples were ENVIRONMENTAL CONTROL IN E. COLI collected at -2 C and centrifuged in the cold. If the cells were not used immediately, they were frozen and held at -20 C until needed. The number of bacteria in each culture was determined by plate count on nutrient agar. Total (membrane filter) and viable cell counts were nearly identical (Wright, 1964) .
Analytical determinations. Total protein was measured by the phenol protein method of Lowry et al. (1951) as modified by Ecker and Lockhart (1961a) and by the biuret reaction as employed by Baarda and Lockhart (1962) . Bovine serum albumin was used as a standard and was included with each set of samples. Carbohydrate was determined by the anthrone method of Loewus (1952) . A glucose standard was prepared, and the optical density at 560 m,u was determined for each standard and each sample. All carbohydrates were reported as micrograms of glucose. Residual ammonia nitrogen determinations were carried out by a method adapted to this culture system by Ecker and Lockhart (1961a) . The procedures of Ogur and Rosen (1950) as modified by Baarda and Lockhart (1962) were used to determine the total extractable nucleic acids. Deoxyribonucleic acid (DNA) was determined as the perchloric acid-soluble material by the diphenylamine technique of Burton (1956) . To determine the free cellular amino acids, the cells from 10 ml of culture were suspended in 3 ml of distilled water and boiled for 10 min. The procedures outlined by Yemm and Cocking (1955) were used to determine the free amino acid in 0.1 ml of the extract.
Antigenic studies. An extract was prepared from cells of each culture. The cells were washed in the cold and suspended in 0.02 M tris(hydroxymethyl)-aminomethane (Tris) buffer at pH 7.25 or 8, containing 0.005 M MgCl2 and 0.075 M NaCl. Prior to disruption, 2,umoles of reduced glutathione were mixed with each suspension; the cells were treated for 13 min at a power output of 1.35 amps in a 10-kc Raytheon sonic oscillator, and the extracts were centrifuged in the cold at 27,000 X g for 45 min. The supernatant liquids were then removed and dialyzed at 0 C for 24 hr against 0.02 M Tris-HCl buffer with an ionic strength of 0.05 at pH 7.25 or 8. The protein concentration was adjusted to 3.47 mg/ml, and the extracts were frozen at -20 C until needed.
Cell extracts, preserved with 1:10,000 Merthiolate and mixed with an equal part of Freund's incomplete adjuvant (Difco), served as antigen for preparation of antiserum against the cell components. Antibody was prepared in rabbits by repeated intradermal injection over a period of 2 months. To the sera obtained from the animals was added 1: 10,000 Merthiolate, and the sera were stored at 4 C. The antigens were characterized by the immunoelectrophoretic technique of Grabar (1958) , as modified by Campbell et al. (1963) . A phosphate buffer at pH 7.4 (Crowle, 1961) was used throughout the procedure. Agar (0.85%) was placed on glass plates (100 by 82 mm), and an appropriate pattern (Hirschfeld, 1960) was cut into the agar. The antigens to be separated were mixed 3:1 with 1% agar and placed in the appropriate wells. The plates were placed in an electrophoresis chamber and 6 v/cm were applied for 90 min. Upon removal, a combined antiserum was added to the plates, and they were held for 36 to 48 hr at room temperature in a humid atmosphere. The precipitin lines which developed were photographed, and the reactants were stained by the methods outlined by Crowle (1961) .
Four support media, paper, agar, cellulose polyacetate, and acrilimide gel, were used in electrophoretic procedures designed to separate the macromolecular components of the cell extracts, by use of a series of buffers with a pH range between 5 and 8. Cell number and size. With a decrease in growth rate, there is a corresponding increase in the optical density of the culture. Samples of each culture were adjusted to an optical density of 0.60 at 525 m,i, and the cells were counted (Table  2) . For a given cellular mass, there were five to seven times as many cells in a culture grown at slow rates as in cultures grown at faster rates, (Wright, 1964 Kjeldgaard, 1958) . The nucleic acid contents reported in Fig. 2 are in accord with the hypothesis of Kjeldgaard, Maal0e, and Schaechter (1958) that there is an increase in the nucleic acid concentration per cell with an increase in the rate at which cells grow. Although the primary increase in cellular nucleic acid is due to the ribonucleic acid (RNA) component, the DNA also increases with an increase in growth rate. The data in Fig.  2 There is more free amino acid per cell in cultures at high than at low rates of growth (Table  3 ). The last column in Table 3 indicates either that faster-growing cells are more efficient in producing free amino acid from limiting substrate, or that the cells place more of the available nutrient into free amino acid production at high growth rates.
Antigenic comparisons. The precipitin bands obtained with the immunoelectrophoretic procedure demonstrated qualitative relationships among the antigens of the several cultures. The relationships were made apparent by lettering the precipitin bands and using the same designation for identical bands throughout. Figure 3 is a line drawing from photographs (Wright, 1964) the precipitin bands obtained by this procedure; it demonstrates the observed relationships between the several cell types when a combined antiserum was used to precipitate the various antigenic fractions. These relationships are summarized in Table 4 . The bands probably result from antiserum interacting with a protein or nucleoprotein cellular component, as indicated by negative stains for polysaccharide and lipid.
The results of electrophoretic studies were varied and of little value in demonstrating qualitative relationships among the cell-free extracts. It appeared that maximal separation was obtained at pH 7, and the best migration occurred when the ionic strength was 0.05. The stains for polysaccharide and lipid were negative except for materials at the origin. Herbert (1959) Ecker and Schaechter (1963) , who found that nitrogen-limited S. typhimurium cells are larger than those limited by glucose. They suggested that the increase is due to an accumulation of some form of polysaccharide. But it appears that nitrogen-limited cells are larger not only because they contain more polysaccharide, but also because they contain more nucleic acid and protein than carbon-limited cells, suggesting that the increased size may be the result of a more general metabolic effect.
DISCUSSION
Our values for protein agree with previous reports (Neidhardt and Fraenkel, 1961) that there is a direct correlation between growth rate and the rate of protein synthesis. Likewise, our data confirm previous findings (Schaechter et al., 1958) that the rate of protein synthesis per unit of RNA is nearly the same at all growth rates, so that nucleic acid per cell is also a function of growth rate. But a change in the medium may have more significance to the cell than simply providing a change in growth rate. The ratio of RNA in nitrogen-limited cells to that in carbonlimited populations decreases, with an increase in growth rate, from 2.36 at 0.1 generation per hr to 1.29 at 0.5 generation per hr, suggesting that growth rate is not solely responsible for the rate-limited changes. It is apparent that care must be exercised in making calculations of RNA formation based on rate alone. In contrast, the increase in DNA per cell appears to be directly related to growth rate and unaffected by changes in the medium.
Balassa (1964) concluded that the rate of RNA synthesis during bacterial sporulation is controlled by the supply of amino acids, and Gros et al. (1963) proposed a model for amino acid control of growth rate. We found that nitrogen-limited cells contain up to twice as much free amino acid as do carbon-limited cells, but that the slope of the curves representing free amino acid per cell is the same as those representing RNA per cell, showing a decreasing ratio between nitrogen-limited and carbon-limited cells as growth rate increases. These data in general support the concept of amino acid control of RNA synthesis, but do not explain why the amino acid content (like RNA) varies both with rate and with substrate limitation.
We reported previously (Wright and Lockhart, 1965 ) that infrared-absorption spectra from the various cell populations show differences correlated with both growth rate and the limiting substrate. These findings are in agreement with the data reported here.
Careful control of the physiological state of cells used for antigenic comparisons between strains and species does not seem to be commonly practiced, but our data demonstrate qualitative differences between cells grown at different rates or under different conditions of nutrient limitation; it is apparent that both these parameters affect the antigenic composition of the cells. Because the antigenic components studied were mostly protein or nucleoprotein (with the cell wall and membrane debris removed), it appears likely that changes in the enzymatic components Although the concentrations of several major cellular components are related directly to growth rate, it has been shown that these vary with changes in the identity of the rate-limiting substrate as well. Investigators comparing cell populations in balanced growth must take into account not only the specific growth rate but also the environmental circumstances that produced it.
